Abstract-Materials that support the assembly of new vasculature are critical for regenerative medicine. Controlling the scaffold's mechanical properties may help to optimize neovascularization within implanted biomaterials. However, reducing the stiffness of synthetic hydrogels usually requires decreasing polymer densities or increasing chain lengths, both of which accelerate degradation. We synthesized enzymatically-degradable poly(ethylene glycol) hydrogels with compressive moduli from 2 to 18 kPa at constant polymer density, chain length, and proteolytic degradability by inserting an allyloxycarbonyl functionality into the polymer backbone. This group competes with acrylates during photopolymerization to alter the crosslink network structure and reduce the hydrogel's stiffness. Hydrogels that incorporated (soft) or lacked (stiff) this group were implanted subcutaneously in rats to investigate the role of stiffness on host tissue interactions. Changes in tissue integration were quantified after 4 weeks via the hydrogel area replaced by native tissue (tissue area fraction), yielding 0.136 for softer vs. 0.062 for stiffer hydrogels. Including soluble FGF-2 and PDGF-BB improved these responses to 0.164 and 0.089, respectively. Softer gels exhibited greater vascularization with 8.6 microvessels mm 22 compared to stiffer gels at 2.4 microvessels mm 22 . Growth factors improved this to 11.2 and 4.9 microvessels mm 22 , respectively. Softer hydrogels tended to display more sustained responses, promoting neovascularization and tissue integration in synthetic scaffolds.
INTRODUCTION
Vascularization is necessary for cell survival and function in almost all tissues, providing delivery of oxygen and nutrients as well as the removal of waste products. Therefore, the incorporation of microvascular networks into engineered tissue constructs that can form anastamoses with host vasculature is critical to facilitate mass transport and promote tissue regeneration. The creation of these vascularized materials has largely focused on recapitulating key cell-extracellular matrix (ECM) interactions and the mechanical properties of native vascularized tissues in engineered biomaterials with the rationale that accurate reproduction of the native tissue environment will improve neovascularization for various applications. 2 To create these complex environments, a wide variety of synthetic and naturally-derived materials have been developed which are able to induce the formation of vessel-like networks through the recruitment of endogenous vasculature that integrates with the material or the direct encapsulation and delivery of endothelial and mural support cell sources which can then assemble into new vascular networks. 25, 29, 32 However, understanding the influence of various ECM components and material mechanics on cellular behaviors remains paramount for the design and optimization of new biomaterials capable of promoting neovascularization.
To dissect the individual effects of biochemical and mechanical components on vascularization responses, increasing interest has been placed on hydrogel-forming materials that are synthetic and biologically inert, allowing them to be custom tailored with various ECM-derived cues. In particular, poly(ethylene glycol) diacrylate (PEGDA)-based hydrogels have shown great promise towards these applications as they resist non-specific protein adsorption and encode no innate biological activity. 19 This allows the fabrication of three dimensional (3D) PEGDA hydrogels by photopolymerization as well as customization through the incorporation of various acrylate-functionalized peptides, proteins, and growth factors. 23, 26 In addition, these hydrogels can be rendered cell degradable by incorporating protease-sensitive peptides into the polymer backbones that encode sites for matrix metalloproteinase (MMP), plasmin, or cathepsin -based cleavage. 17, 39 Together, these capabilities have allowed these photopolymerizable PEGDA-based hydrogel scaffolds to function as cell-laden 3D environments which can be used to promote and probe vasculogenesis and angiogenesis. 25, 29 These highly modifiable materials have been used extensively to evaluate changes in formation and function of vasculature in response to pro-angiogenic growth factors, ECM proteins (i.e., fibronectin, laminin, and collagen), and their peptide mimics. 1, 15, 29, 30 Conversely, relatively little work has assessed how the hydrogel stiffness affects angiogenesis and vasculogenesis in 3D or how these mechanical effects influence host tissue and vascularization responses. In these few studies, reducing hydrogel mechanical properties has been shown to alter vascular network characteristics such as vessel length, vessel diameter, and extent of branching. 25, 34 Studies that have addressed the effects of mechanical properties on in vivo cell and tissue responses have indicated that PEG hydrogel stiffness influences both the inflammatory response 5 and the extent of cellular invasion into the hydrogel.
14 However, these studies controlled the hydrogel's mechanical properties by changing the polymer density or the polymer chain length, which are both directly coupled to other physical properties of the hydrogel, including the mesh size, diffusivity, and degradative properties. 19 In particular, the coupling of mechanical properties to rates of degradation make it difficult to create soft degradable materials that can persist for extended periods of time, often leading to the use of nondegradable scaffolds or high density, high stiffness materials that fail to recapitulate endogenous tissue mechanics. The reduced lifetimes of these materials makes them inadequate for many tissue engineering and regenerative medicine applications, where the rate of degradation should correspond to the time course for replacement with host cells and newly synthesized ECM. 6, 13 Yet, the softer mechanical regimes have often been associated with more desirable outcomes. Therefore, to investigate the role of hydrogel stiffness on host tissue responses and vascularization in more physiologically relevant mechanical regimes, we must be able to control the hydrogel's mechanical properties independent of the polymer density or polymer chain length to achieve these soft mechanical regimes with extended hydrogel lifetimes.
We have previously described a PEGDA-based macromer that introduces allyloxycarbonyl (alloc) groups into an MMP-sensitive peptide sequence. The alloc groups are capable of competing with the terminal acrylate groups during crosslinking to alter the crosslinking structure of the hydrogel network. 32 Unlike acrylate groups, which propagate free radicals during polymerization reactions, the alloc groups tend to terminate free radical propagation. 24 This leads to fewer PEGDA chains terminating at poly(acrylate) sites, thus lowering the connectivity of the network, and reduces the overall mechanical properties of the hydrogel. Previously, we used this modification to create hydrogels with compressive moduli that could be tuned over an order of magnitude at constant polymer density and chain length while maintaining the degradative and diffusive properties of the hydrogel. Through this work, we showed that by decreasing the mechanical properties, the kinetics of endothelial cell (EC) spreading and EC assembly into vessel-like networks (i.e., vasculogenesis) were accelerated. Importantly, this demonstration indicated that these mechanically influenced effects held true independent of the polymer density or chain length and in a minimalistic environment containing only the fibronectin-derived adhesive peptide sequence ArgGly-Asp-Ser (RGDS).
The purpose of the current work was to test these same materials in an angiogenesis-based microvascularization system by implanting the stiff (alloc omitting, E = 18 kPa) and soft (alloc containing, E = 2 kPa) hydrogels subcutaneously in rats. These experiments would permit us to investigate how the mechanical properties of proteolytically degradable and cell adhesive PEGDA-based hydrogels affect host tissue integration and neovascularization through angiogenesis. In addition, we would examine the ability of soluble fibroblast growth factor 2 (FGF-2) and platelet derived growth factor homodimer B (PDGF BB) released from the hydrogels to improve EC recruitment from surrounding tissue, cell infiltration, and vascularization. This understanding should help to identify future biomaterial design criteria in order to improve neovascularization and tissue perfusion for tissue engineering and regenerative medicine applications.
MATERIALS AND METHODS

PEG Macromer and Hydrogel Synthesis
The peptides GGGGGPQGIWGQGGGGK (PQ) and GGGGGPQGIWGQGG-Lys(alloc)-GK [PQ(alloc)] were synthesized using standard fluorenylmethyloxycarbonyl (Fmoc) solid-phase chemistry and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo [4,5- b]pyridinium 3-oxid hexafluorophosphate (HATU) activation on an Apex 396 parallel synthesizer (Aapptec, Louisville, KY). Peptide products were verified via mass spectroscopy using a DE-Pro MAL-DI-MS (Applied Biosystems). The resulting peptides were PEGylated by reacting with 2.1 molar equivalents of acrylate-PEG-succinimidyl valerate (acryl-PEG-SVA; Laysan Bio, Arab, AL) in dimethyl sulfoxide with 2:1 molar excess N,N-diisopropylethylamine to acryl-PEG-SVA under inert atmosphere. PEGylated peptides were then dialyzed and lyophilized. Purity was assessed using gel permeation chromatography (GPC) equipped with an evaporative light scattering detector (Polymer Laboratories; Amherst, MA). RGDS peptides (American Peptide, Sunnyvale, CA) were conjugated with acryl-PEG-SVA (2:1 RGDS:acryl-PEG-SVA) in HEPES-buffered saline (pH 8.5) overnight at 4°C. PEGylated RGDS was dialyzed and lyophilized. Purity was assessed via GPC. All PEGylated peptides were protected from light and stored at 280°C under inert atmosphere until use.
To form hydrogels, PEG-PQ or PEG-PQ(alloc) macromers were dissolved at identical polymer densities (w/v) in HEPES-buffered saline (pH 8.3) with 1.5% (v/v) triethanolamine (HBS-TEOA), 10 lM eosin Y and 0.35% (v/v) n-vinylpyrrolidone (NVP; Sigma). To account for differences in peptide molecular weight, the PEG-peptide macromers concentrations were normalized by total molecular weight, yielding 50 mg mL 21 for PEG-PQ and 52 mg mL 21 PEG-PQ(alloc) and corresponding to 5% (w/v). The prepolymer solution was then dropped between PDMS spacers on to clean glass slides treated with Sigmacote (Sigma, St. Louis, MO) per the manufacturer's protocol. The droplet was capped with methacrylatefunctionalized cover glass (no. 1.5). Modification of the glass with methacrylate groups was performed by submerging clean cover glass in ethanol with 2% (v/v) 3-(trimethoxysilyl)propyl methacrylate for 48 h. Hydrogels were then polymerized under a white light lamp (Dolan-Jenner, Boxborough, MA; 200 mW cm 22 ), forming covalent linkages in the methacrylate modified coverglass.
Mechanical Testing
Hydrogels (1 mm thick) were prepared from PEG-PQ or PEG-PQ(alloc) with a final polymer density of 5% (w/v) and allowed to swell overnight in PBS at 37°C. Hydrogels were briefly rinsed with PBS to remove any unpolymerized material before mechanical testing. Compression testing was performed on a RSA III microstrain analyzer (TA Instruments, New Castle, DE) using a 15 mm plate. Samples were compressed at a constant rate of 0.003 mm s 21 . Since, PEG-based hydrogels are isotropic, testing was only performed in one direction. 37 
Preparation of PEG Hydrogels for In Vivo Implantation
Each hydrogel was formed from 75 lL of prepolymer solution containing 5% (w/v) of the appropriate PEG macromer [either PEG-PQ or PEG-PQ(alloc)] and 3.5 mM PEG-RGDS in HBS-TEOA with eosin Y and NVP. The pre-polymer solution was sterilized by being passed through a 0.2 lm syringe filter (Pall Acrodisc with Supor Membrane, Pall Corporation, Port Washington, NY) then dropped between 1 mm thick spacers and polymerized for 2 min between two Sigmacote-treated glass slides. Hydrogels were placed in sterile PBS that contained or omitted 1 lg mL 21 FGF-2 and 5 lg mL 21 PDGF-BB (ProSpec-Tany TechnoGene Ltd., Rehovot, Israel), yielding an estimated equilibrium loading of~375 ng PDGF-BB and~75 ng FGF-2 per hydrogel. Hydrogels were incubated overnight at 37°C to swell and take up growth factors.
Surgical Procedures for Hydrogel Implantation
All animal procedures were performed in accordance with the NIH Guide for Care and Use of Laboratory Animals as well as the Duke University Institutional Animal Care & Use Committee (IA-CUC). For subcutaneous implantations, 8 week old male Lewis rats (Charles River Laboratories, Wilmington, MA) were anesthetized with 2% isofluorane in O 2 and five full thickness cutaneous incisions were made (£1 cm) in an alternating pattern along the dorsal midline of the rats. Subcutaneous pockets were then formed using blunt dissection transverse to the incisions. The hydrogels were inserted into the subcutaneous pockets following randomization of samples. Incisions were closed with interrupted nylon sutures (4-0, Santa Cruz Biotechnology, Santa Cruz, CA). After 3, 7, 14, or 28 days post-implantation, animals were euthanized and the hydrogels (with adjacent tissue) were excised for histological analysis.
Tissue Preparation
Excised tissues with hydrogels were fixed in 10% normal buffered formalin (NBF, Fisher Scientific, Waltham, MA) for 24 h at 4°C then manually dissected into 3-5 mm thick sections, placed in NBF, and fixed for an additional 24 h at 4°C. Samples were then transferred into Optimal Cutting Temperature (OCT) Compound (Tissue-Tek, Sakura Finetek, Torrance, CA) and left at 4°C for 72 h. Afterwards tissues were immersed in OCT Compound in plastic molds, then placed in an acetone/dry ice bath for 30 min. Embedded tissues were stored at 280°C until sectioning. For sectioning, embedded molds were equilibrated at their cutting temperature (222°C) for 30 min then sectioned (10 lm thickness) and mounted on Superfrost Plus glass slides (Electron Microscopy Sciences, Hatfield, PA). Mounted sections were stored at 280°C. Before staining, sections were brought to room temperature and dried overnight.
Hematoxylin & Eosin Staining
For hematoxylin & eosin (H&E) staining, sections were briefly hydrated in DI water, placed in Mayer's Hematoxylin for 2 min, and thoroughly rinsed with tap water. After rinsing, slides were stained with eosin solution for 45 s then dehydrated consecutively through a series of 75-100% ethanol solutions before a 5 min 100% ethanol incubation. Slides were then placed in Citrisolv (Fisher Scientific) for 5 min and rinsed with ethanol before being dried at room temperature. Sections were mounted with Cytoseal 60 (Richard-Allan Scientific, San Diego, CA), covered with cover glass, and allowed to dry.
Immunofluorescent Staining
For immunofluorescence, samples were rinsed with DI water then blocked for 30 min in 5% normal donkey serum followed by incubation with mouse antirat CD31 (BD Biosciences, San Jose, CA) or mouse anti-rat CD68 (AbD Serotec, Kidlington, UK) at a 1:200 dilution in PBS containing 0.5% normal donkey serum for 1 h. Following incubation, samples were washed three times for 5 min with PBS then incubated with Alexafluor488 conjugated donkey anti-mouse at 1:200 dilution in 0.5% normal donkey serum for 30 min. Sections were washed for 5 min in PBS, 5 min in 4¢,6-diamidino-2-phenylindole solution (DAPI; Sigma, 2 lM in PBS), and 5 min in PBS then post-fixed for 15 min in 4% paraformaldehyde on ice. For all CD68 staining, TBS was substituted for PBS except for during the DAPI staining step. 1-2 drops of Fluoromount (Sigma) were applied to each section and then the sample was covered with cover glass and sealed. Samples were imaged within 48 h.
Microscopy and Image Analyses
Imaging was performed using an Axio Observer Z1 equipped with an Axiocam ICc1 (for brightfield) and an Axiocam MRm camera (for fluorescence). All images were acquired with a 10 9 (0.25 NA) Fluar objective. Images were stitched together for analyses and display using Zeiss MosaiX. Image analyses were performed using ImageJ. 31 For area-based normalization, gaps or holes in the gel or tissue areas were omitted from the total area calculations.
Statistical Analyses
Statistical analyses were performed using the software package JMP Pro 11 (SAS Institute, Cary, NC). Datasets were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's Honest Significant Difference test for multiple comparisons. In all cases, p-values less than 0.05 were considered significant and all values are reported as mean ± standard deviation.
RESULTS
Mechanical Characterization of Hydrogels
The PEG-PQ and PEG-PQ(alloc) hydrogels were tested under compression to verify the decrease in mechanical properties of the hydrogels due to the incorporation of the alloc group. The PEG-PQ(alloc) hydrogels exhibited a significant reduction of the compressive modulus as compared to the PEG-PQ hydrogels with 2.16 ± 0.78 kPa for PEG-PQ(alloc) and 18.47 ± 1.52 kPa for PEG-PQ, similar to the previously reported values. 32 For these studies, the mechanical regimes utilized either typify the compressive mechanics of similar photopolymerized PEGDA hydrogel systems (i.e., PEG-PQ) 16 or approximate the mechanics of endothelial tissues, in the case of the PEG-PQ(alloc) hydrogels. 8 While loading the growth factors FGF and PDGF-BB into the hydrogel may slightly alter the mechanical properties of the hydrogel, previous work shown that the loading capabilities of the hydrogels are similar and the release profile of these growth factors should be quite fast. Using the data from our earlier study, we would anticipate that over 95% of the growth factors should be released within the first 60 min to initiate a response from the surrounding tissue. 32 
Inflammation Response to Implanted Hydrogels
To evaluate the local inflammatory response to the implanted hydrogels, the extent of macrophage recruitment was quantified. For these analyses, macrophages were identified via positive staining for CD68. The acquired fluorescence images showed that > 95% of the CD68 positive cells were within 150 lm of the implanted hydrogels at all time points measured, so this banded region surrounding the hydrogel was chosen to evaluate the macrophage density and recruitment response (Figs. 1a and S1) . (Fig. 1b) . These results indicate that the material compliance in the regimes we tested and the hydrogel formulation/ crosslinking does not alter the local macrophage recruitment response. For comparison, these macrophage densities equate to between 22.5 (300 macrophages mm 22 ) and 45 (600 macrophages mm 22 ) macrophages per field of view as seen in Figs. 1 and S1 . While an optimal macrophage density is difficult to establish, similar densities have been previously reported that correlated with effective tissue infiltration and vessel formation in implanted hydrogels. 36 
Host Tissue Response to Hydrogel Compliance
The extent of tissue integration into the implanted hydrogels was evaluated using H&E stained sections. After 14 days implantation in vivo, all hydrogels showed some level of tissue integration. The stiffer PEG-PQ hydrogels without growth factors displayed the least amount of interaction with the surrounding tissue, exhibiting distinct boundaries between the hydrogel and tissue (Fig. 2a) . The softer PEG-PQ(alloc) hydrogels without growth factors showed many tissue projections into the hydrogels with extensive branching. A few thicker tissue segments could also be observed (Fig. 2b) . When growth factors were added, the PEG-PQ hydrogels showed more extensive interactions with the surrounding tissue. Here, several tissue projections could be seen ranging from 25 to 50 lm accompanied by thinner projections (Fig. 2c) . Similarly, the PEG-PQ(alloc) hydrogels with growth factors showed a large number of the thicker tissue projections into the hydrogels with thinner branching structures that could be found throughout the hydrogel (Fig. 2d) . After 4 weeks, all hydrogel formulations showed increased interaction with the surrounding tissue. The PEG-PQ hydrogels without growth factors still had regions with distinct boundaries between tissue and hydrogel, but now had noticeable tissue segments that had infiltrated the hydrogel (Fig. 3a) . The PEG-PQ(alloc) hydrogels without growth factors also showed an increase in tissue infiltrations now with noticeably more thicker tissue segments (Fig. 3b) .
When growth factors were incorporated, the PEG-PQ hydrogels also showed some increased tissue integration compared to the 14 day time point (Fig. 3c) . However, the softer PEG-PQ(alloc) hydrogel with growth factors exhibited extensive host tissue integration throughout the hydrogel area (Fig. 3d) .
These observations could be quantified by determining the area fraction of the tissue segments found within the hydrogel boundary to the total hydrogel area. For these analyses, the hydrogel boundary was identified by the deep blue staining due to uptake of the hematoxylin stain, which could easily be identified in all H&E images (Figs. 2 and 3 ) and quantified by tissue area fraction (TAF) Eq. (1).
where A T is the area of the tissue within the hydrogel and A H is the area of the hydrogel. Here, the TAFs largely agreed with the gross observations. After 14 days, the PEG-PQ hydrogels without growth factors showed significantly lower TAFs (0.0092 ± 0.0092) than the PEG-PQ(alloc) hydrogels (without growth factors: 0.0855 ± 0.0070; and with growth factors: 0.1162 ± 0.0225) and a similar response to the PEG-PQ hydrogels w/growth factors (0.0544 ± 0.0427). After 28 days, the PEG-PQ(alloc) hydrogels with and without growth factors showed similar TAFs (0.1644 ± 0.0233 and 0.1360 ± 0.0405, respectively) that were significantly higher than their corresponding PEG-PQ hydrogel (0.0618 ± 0.0339 for PEG-PQ and 0.0885 ± 0.0192 for PEG-PQ with growth factors; Fig. 4a ). When the tissue segments that infiltrated the hydrogels were measured, the PEG-PQ hydrogels without growth factors had significantly shorter lengths than the other hydrogels (Fig. 4b) .
Hydrogel Promoted Microvascularization
H&E staining was used to identify microvessels both within the hydrogel area as well as within 150 lm of the tissue/hydrogel interface. Microvessel structures within the hydrogel must have resulted from cell-based degradation of the hydrogel followed by cell migration into the hydrogel area and subsequent formation of lumenized structures. In contrast, microvessels in the area surrounding hydrogel area are a result of either extensive degradation of the hydrogel and replacement by new vascularized tissue or the creation of a proangiogenic environment surrounding the hydrogel. In both cases microvessels could be identified as lumenized structures that contained erythrocytes. The number of microvessels in each of the hydrogel formulations in these regions was counted and normalized to the area. The microvessel density generally correlated with the extent of tissue integration into the hydrogels (Figs. 2 and 3, yellow arrows) . In these evaluations, PEG-PQ(alloc) hydrogels with growth factors exhibited significantly higher microvessel densities than the hydrogels that lacked growth factor and a similar response to the PEG-PQ hydrogels with growth factors. After 28 days, the PEG-PQ(alloc) hydrogels exhibited significantly higher microvessel densities than their PEG-PQ counterparts. Interestingly, the PEG-PQ(alloc) hydrogels that omitted growth factors saw similar microvessel densities to the stiffer PEG-PQ hydrogels that contained growth factors. In all cases, only the PEG-PQ(alloc) hydrogels experienced a sustained microvascularization response over the course of the experiments (Fig. 5a ). When the area surrounding the hydrogels was examined, no difference was observed amongst any of the hydrogel formulations after 14 days. After 28 days, the PEG-PQ(alloc) hydrogels that contained growth factors showed a significant increase in microvessel density within the hydrogel over the other hydrogels (Fig. 5b) . While H&E staining could inform us of the interactions of the material with the surrounding tissue, it could not help to identify information about the cells themselves. Therefore, we stained tissue sections for the EC marker CD31. Using immunohistochemistry we could see that the vast majority of cells that infiltrated into the hydrogel were CD31 positive (Fig. 6) . Here, the apparent density of CD31 positive cells is similar in both gel types in the infiltrating segments.
DISCUSSION
We previously demonstrated a method to alter the mechanical properties of cell adhesive and proteolytically-degradable PEGDA-based hydrogels through changes to the cross-linking structure as opposed to polymer density or polymer chain length. Changes to the crosslinking structure were introduced via the incorporation of a Lys(alloc) amino acid on the carboxy terminus of the MMPs 2 and 9 cleavable PQ sequence. The alloc group can then act as a competitive crosslinking site during photopolymerization to alter the connectivity of PEGDA-based hydrogels. The different crosslinked structures that arise from differences in free radical propagation between acrylate and alloc groups reduces the stiffness of the hydrogel independent of the diffusive or degradative properties. The compressive moduli of the resulting hydrogels could be tuned by changing the concentration of alloccontaining PEG macromers in the pre-polymer solution. Using this modification, we demonstrated that ECs respond to the mechanical properties of the hydrogel environment both through enhanced spreading and network formation kinetics. From these studies, we have shown that this hydrogel system can act as a functional platform to assay mechanical influences in various biological settings. Here, we sought to use this cell adhesive and proteolytically degradable hydrogel platform to better understand the role of hydrogel mechanics on neovascularization in vivo. We hypothesized that this hydrogel system should allow us to evaluate the role of hydrogel Yellow arrows indicate the location of microvessels, black arrowheads indicate thick tissue segments within the hydrogels. Black scale bar for the large format images represents 500 lm and the white scale bar for the zoomed in images represents 100 lm. Zoomed in regions better illustrating the microvessels can be found in Fig. S2 . mechanics on host tissue integration and microvascularization while maintaining other physical characteristics of the hydrogels across all conditions. While tissue mechanics are known to contribute to development and the determination of local cell phenotypes, 12, 22 very little work has been done to investigate the role of biomaterial mechanical properties on their ability to function and interact with cells in vivo. Studies that have attempted to understand how material stiffness influences host tissue interactions using PEG-based hydrogels have generally shown that softer hydrogels minimize inflammation and promote tissue induction. 5, 14 However, similar to many in vitro investigations, lowering the hydrogel's mechanical properties was achieved by reducing the polymer density, which either sped up the rate of degradation or necessitated the use of non-degradable materials. For example, Ehrbar et al. observed the greatest amount of cell invasion into their softest hydrogels produced via transglutaminase crosslinking of multi-armed PEG. 14 However, the gel mechanics were reduced by lowering the polymer density, making it difficult to decouple the effects of polymer density from hydrogel mechanics or evaluate how the material is perceived by the surrounding tissue. Similarly, once the hydrogel density was sufficiently low, proteolysis of the polymer backbone was no longer necessary to permit cellular migration, suggesting that the changes to matrix density significantly altered other properties of the hydrogel, such as the resulting hydrogel mesh size. In another study by Blakney et al., reducing the stiffness of PEGDA hydrogels led to a reduction in the macrophage response at the hydrogel-tissue interface. 5 However, the hydrogel's mechanical properties were altered by decreasing the polymer density. Additionally, the PEGDA macromers that were used were not proteolytically degradable nor should they be degradable by hydrolysis over the time course studied. 4, 7 Therefore, the use of crosslinking structure to control hydrogel mechanics and evaluate host tissue interactions should garner a better perspective on these substrate stiffness dependent behaviors.
In the current work, a subcutaneous implantation model in rats was chosen as this has been an effective model to evaluate host interactions with implanted biomaterials, particularly in the cases of angiogenesis and inflammation. 27, 33 In contrast to our previous work, the hydrogels were polymerized without the incorporation of cells, requiring the recruitment of host ECs to form new microvasculature via angiogenesis. However, the endogenous vasculature and ECs are generally quiescent, often requiring a stimulus to form new vessels. 9 Therefore, we incorporated local growth factor release to activate the nearby ECs to form new microvessels and infiltrate the hydrogel environment. We tested this by loading some of the hydrogels with a combination of FGF-2 and PDGF-BB, which have previously been shown to act as effective chemo-attractants, aiding in the formation of microvasculature in vitro and in vivo. 10, 30 Both the PEG-PQ and PEG-PQ(alloc) hydrogels that contained growth factors exhibited increased microvessel formation at the 2 week time point compared to their counterparts that lacked growth factors. At 4 weeks, though, only the softer PEG-PQ(alloc) hydrogels showed enhancements in microvessel density. Our previous work would suggest that the growth factors are completely released within a few hours in an aqueous environment. 30, 32 We anticipate that the in vivo release would similarly be quite fast, but sequestration of the growth factors by the ECM may The ratio of tissue area to total hydrogel area was calculated for all hydrogel formulations. Alloc containing hydrogels showed the greatest tissue area fractions at both 14 and 28 days. (b) When the segments were individually measured, PEG-PQ hydrogels had the shortest segments after 14 days. After 28 days, only growth factor containing hydrogels exhibited longer segment lengths than the blank PEG-PQ hydrogels. *Significant differences (p < 0.05; N 5 4-5).
help to sustain a local increase in the growth factor concentrations. This is likely depleted within the 2 weeks though, leading to only a short term improvement in microvascularization. This is consistent with a previous study that showed after a depot of growth factor is depleted, the functional benefits quickly end. 28 This result may then indicate that the compliance of the hydrogels helps to not only promote microvessel formation, but also helps to maintain this positive response over a longer time course.
Substrate stiffness has been shown to regulate MMP production and activation in multiple cell types, 18 including fibroblasts and ECs, which are present within and around the implanted hydrogels. However, these changes in MMP levels are generally a result of dynamic mechanical processes such as stress relaxation events 20 or the application of cyclical strain or shear stress, 3, 38 as opposed to a static matrix rigidity. In our work, the stiffer hydrogels exhibit a much more delineated barrier between the hydrogel and the local tissue as compared to the more compliant alloc-containing gels. This would suggest that the decreased hydrogel stiffness should either influence MMP secretion by local cells, the activation of pro-MMPs, or alter the rate of degradation by MMPs resulting in a greater extent of cellular invasion into the hydrogel. It has been postulated that cellular remodeling can be dictated by matrix mechanics, 11 indicating that the mechanical properties of the material could influence the rate and extent of proteolytic degradation from the cells and tissue. While the mechanism by which this should occur is unclear, our data would suggest that the mechanical properties of cell-scaffold interactions may influence elements of MMP-based proteolysis and remodeling. In this case, we would anticipate the hydrogel mechanics are the determinant factor as the biochemical cues (i.e., PEG-RGDS concentration) within the hydrogel are identical and the local tissue makeup exhibits similar microvessel and macrophage densities in the regions surrounding the hydrogels.
A potential alternative to this explanation is that the compliant PEG-PQ(alloc) hydrogels exhibit differential inflammatory responses than the stiffer PEG-PQ hydrogels. Inflammation has been known to influence angiogenesis and vascularization, having the ability to enhance or inhibit these responses. 35, 36 Inflammatory responses to photopolymerizable PEG-based hydro-FIGURE 5. Microvessel density was calculated for areas (a) inside and (b) surrounding the hydrogels. (a) At early time points within the hydrogel area, PEG-PQ(alloc) and PEG-PQ hydrogels that contained growth factors showed higher densities than the PEG-PQ hydrogel alone. The PEG-PQ(alloc) response was consistent with the PEG-PQ hydrogels that contained growth factors. After 28 days, both PEG-PQ(alloc) hydrogels showed increased microvessel density compared to the PEG-PQ hydrogels. (b) The area around the hydrogels showed no difference between formulations after 14 days, but the PEG-PQ(alloc) hydrogels with growth factors showed increased microvessel density compared to the other groups. * indicate significant differences (p < 0.05; N 5 4-5). gels are largely attributed to the hydrophobic acrylate crosslinking sites formed during the polymerization process. Given the change in crosslinking structure imparted by the alloc groups, the PEG-PQ(alloc) hydrogels may exhibit a very different inflammatory response. Using CD68 staining for macrophages, we did not observe any significant differences in macrophage-induced inflammation across the hydrogel formulations. Macrophages can further be classified by their phenotype (i.e., M1, M2, and their subgroups) which have been suggested to correlate with pro-angiogenic outcomes. Yet these pro-angiogenic outcomes have been observed in all macrophage phenotypes, so they are not currently an effective indicator of neovascularization responses. 35 While previous work has suggested that macrophage recruitment is influenced by the mechanical properties of PEGDA hydrogels, 5 this work utilized short PEGDA macromers which resulted in significantly stiffer hydrogels, ranging from 130 to 840 kPa, than those used here, which range from 2 to 18 kPa. This may suggest a reduction in macrophage response until a threshold stiffness is achieved or that the difference in the mechanical properties between the PEG-PQ and PEG-PQ(alloc) hydrogels was not sufficient to elucidate a change in macrophage recruitment. Similarly, the PEGDA hydrogels in the previous study were non-degradable, so the proteolytic degradability of our hydrogels may also contribute to the lack of a quantifiable macrophage response. While the presence of the cell adhesive PEG-RGDS ligand may also play a role in mediating local inflammation, previous work has suggested that the incorporation of RGDS into PEGDA hydrogels leads to decreases in the macrophage recruitment response. 21 Due to these data and the existing literature, we do not believe that inflammation is the determining factor in the observed neovascularization responses.
By incorporating or omitting the competitive alloc crosslinking sites we could modulate the mechanical properties exhibited by these hydrogel independently of their polymer density or chain length. This change in the hydrogel crosslinking structure effectively decoupled the hydrogel's mechanical properties from other physical parameters, such as degradability and diffusivity, creating mechanical environments that better match those of endothelial tissues. 8 Our work indicates that the mechanical properties of these proteolytically degradable PEGDA hydrogels play a critical role in how the hydrogel interacts with the local tissue environment. Here, this decreased stiffness leads to increased microvascularization and tissue integration for at least four weeks in vivo. This demonstration reinforces the primary idea that approximating the local tissue environment should improve biomaterial outcomes for regenerative therapies.
ELECTRONIC SUPPLEMENTARY MATERIAL
The online version of this article (doi: 10.1007/s10439-017-1822-8) contains supplementary material, which is available to authorized users.
